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Abstract. We useaircraftobsenationsof continentaloutflow over the westernPacific
from the TRACE-P mission(March-April, 2001),in combinationwith anoptimalestimation
inversemodel,to improve emissionestimate®f carbonmonoxide(CO) from Asia. A priori
emissionsandtheir errorsarefrom a customisedottom-upAsian emissioninventoryfor the
TRACE-Pperiod. The global 3-D GEOS-CHEMchemicaltransportmodel(CTM) is usedas
theforwardmodel. The CTM transporterror (20—30% of the CO concentration)s quantified
from statisticsof the differencebetweenthe aircraft obsenationsof CO andthe forward
modelresultswith a priori emissionsafterremoving the meanbiaswhich is attributedto
errorsin thea priori emissions.Additional contributionsto the error budgetin theinverse
analysisincludethe representatiorrror (typically 5% of the CO concentrationandthe
measuremerdccurayg (~2% of the CO concentration) We find thatthe inversemodelcan
usefully constrainfive sources:Chinesefuel consumptionChinesebiomassburning, total
emissiondrom KoreaandJapantotal emissiondrom SoutheasAsia, andthe ensembleof
all othersources.Theinversionindicatesa 54% increasdn anthropogeni@missiondrom
China(to 168Tg COyr—1) relative to thea priori; this valueis still muchlowerthanhadbeen
derivedin previousinversionsusingthe CMDL network of surfaceobsenations.A posteriori
emissionsof biomassburningin SoutheasAsia and Chinaare muchlower thana priori

estimates.



1. Intr oduction

Understandingndpredictingthe atmospheridistribution of a chemicalspeciesequires
informationon the emissionf thatspeciesandof its precursorsThe bottom-upapproacto
compiling emissioninventoriesgenerallyrelieson emissionfactorsfor individual processes,
extrapolatedn spaceandtime usingenegy andervironmentaldata. Top-dovn constraints
from atmosphericoncentratiormeasurementsnterpretedwith a chemicaltracermodel
(CTM), canbe usedto improve the bottom-upestimateghroughan optimal estimation
methodology(inversemodel). AlImost all globalinversemodelingstudiesof emissionsofar
have usedatmosphericoncentrationsneasuredrom the NOAA/CMDL network of surface
sites(e.g.,Heinetal. [1997], Kaminskiet al. [1999], Bergamasai et al. [2000], Kasibhatla
etal. [2002], Pétron et al. [2002]). However, thesesitesaredesignedo monitorthe remote
atmospherandareoftennot well situatedto provide constraintoon continentalemissionsof
tracegasesWe presenterethefirst applicationof inversemodelingto obserationsfrom an
aircraftmissiontargetedat samplingcontinentabutflow. As we will shaw, the high densityof
aircraftobsenationsover a rangeof outflow pathwaysprovidesconsiderablenformationfor
inversemodeling,andalsoallows usto quantify CTM transporterrorsfor usein theinverse
model. Our detailedspecificationof theseerrorsrepresents major advanceover previous
inversemodelstudies.

We applytheinversemodelapproacho aircraftobsenationsof carbonmonoxide(CO)
taken during the NASA TransportAnd ChemicalEvolution over the Pacific (TRACE-P)

missionin March-April 2001 [Jacobetal., 2003]. The TRACE-P missionusedtwo aircraft



(DC-8 andP-3B),basedn Hong KongandTokyo, to sampleAsian chemicaloutflow along
the Pacific rim (Figurel). Carbonmonoxideis a generalproductof incompletecomtustion,
andhasan atmospheridifetime of a few monthsagainstoxidationby OH, its main sink.

It providesthe principal sink for OH, the maintroposphericxidant,andplaysthereforea
critical role in controllingthe oxidizing power of the atmospherg¢lLoganetal., 1981]. It is
alsoa usefulatmospherigracerfor comhustionsourcesPreviousinversemodelingstudiesof
CO emissiongKasibhatlaet al., 2002; Pétron et al., 2002] have identified Asia asaregion
with large discrepanciebetweenbottom-upinventoriesandatmospheriobsenrationsfrom
the NOAA/CMDL network.

Asian sourcef CO during TRACE-Pincludedanthropogeniemissiondrom fossil
fuel andbiofuel consumptionaswell asseasonabiomassourningin SoutheasAsia [Streets
etal., 2003; Heald et al., 2003]. The major meteorologicaprocesseslriving outflow of
anthropogeni@sian pollution during TRACE-P includedlifting in warm corveyor belts
(WCBs) aheadof southeastard-maing cold fronts, andtransportin the boundarylayer
behindthesefronts[Liu etal., 2003]. Outflow of biomassburning effluentsfrom Southeast
Asiatook placeboth by deepcornvectionand WCBS, the latter procesdeadingto mixing
with the anthropogenioutflow [Ma etal., 2002; Tang et al., 2002]. No evidentplumesfrom
Europe North America,or Africa weresampledn TRACE-R althoughthesesourcesertainly
contributedto the CO backgroundLiu etal., 2003],aswell asoxidationof CH, andbiogenic
non-methan&olatile organiccompoundgNMV OCs).

Our inversionanalysisusesthe TRACE-Paircraft obsenations,togetherwith a priori

informationon Asian emissiondrom customisedottom-upinventoriesproducedfor the

Figurel




TRACE-Pperiod[Streetset al., 2003;Heald et al., 2003],to obtainoptimiseda posteriori
estimate®f CO emissiondrom differentsourceregionsin Asia. The maximuma posteriori
inversemodelapproachthasbeenusedpreviously in threestudiesinvestigatingthseglobal
emissionsof CO [Begamasai et al., 2000; Kasibhatlaet al., 2002; Pétron et al., 2002].
Thesestudiesall usedthe global measurementsf CO from the NOAA/CMDL network
[Novelli et al., 1998]astop-donvn constraintsjput they calculatedglobal emissiondrom
differentyearsandlumpedsourcetypesdifferently Bergamasti et al. [2000] calculated
global emissiondrom separatesourcesaswell asfor total emissionsn eachhemisphere.
They foundthattheir bottom-upemissioninventoriesweretoo low andattributedthe cause
eitherto anthropogeni@missionsor to oxidationof biogenicterpenes.Kasibhatlaet al.
[2002] and Pétron et al. [2002] useda geographicallydisaggrgatedapproacho identify
emissiondgrom specificregionsandspecificsourcetypes. Both thesestudiesfoundthattheir
a priori emissiondrom Asia weretoo low, andreconciledcthis with the rapidindustrialisation
of theregion in recentyears.Measurementat NOAA/CMDL stationshave complex source
signatureshecausef their remotelocations limiting the level of usefuldisaggrgationof
CO sourcedo the continentalscale. The TRACE-P aircraft dataallows a more detailed
disaggrgationanda morefocussedassessmermf CO emissiongrom Asia.

In the next sectionwe briefly describethe GEOS-CHEMCTM usedhereto simulate
CO during TRACE-R andpresenta comparisonbetweenthe modeledand measured
concentration®f CO. Section3 describeghe inversemodeland exploresthe potential
of TRACE-P measurement® constrainemissionestimatedrom particulargeographical

regions. Section4 presentgheinversemodelanalysisof the TRACE-Pdataandinvestigates



the sensitvity of resultsto differentassumptionsSection5 placestheresultsin the context of

previouswork. We concludethe paperin section6.

2. GEOS-CHEM Model Simulation of CO During TRACE-P

2.1. Model Description

The GEOS-CHEMglobal 3-D modelof tropospheriacchemistry[Bey et al., 2001a]
is usedhereto relatesourcesof CO to atmosphericoncentrationsand constituteshe
forward modelin the inverseanalysis(section3). A recentapplicationof GEOS-CHEM
to the global simulationof CO, including evaluationwith the ensembleof NOAA/CMDL
obsenations,is presentedy Duncanet al. [2002]. The modelversionusedhere(v4.33,
http://www-as.harard.edu/chemistry/trop/geos/indbetml) hasa horizontalresolutionof 2°
latitude x 2.5° longitude,andhas48verticallevelsrangingfrom thesurfaceto themesosphere,
20 of which arebelowv 12 km. The modelis drivenby GEOS-3assimilatedneteorological
datafrom the GoddardEarth ObservingSystem(GEOS)of the NASA DataAssimilation
Office. The 3-D meteorologicatiataareupdatedevery six hours;mixing depthsandsurface
fieldsareupdatedevery threehours.

GriddedCO emissioninventoriesfor fossil fuel, biofuel, andbiomassourningin East
Asiaduringthe TRACE-Pperiod[Streetsetal., 2003;Heald etal., 2003]areusedasa priori
by the model. The Streetset al. [2003] inventorydescribesanthropogenidossil fuel and
biofuel emissiondor the year2000. Fossil fuel emissionsare from residentialcoal and

oil (both usedfor cookingandheating),transportationandindustry Biofuel emissions



(heatingandcooking)arefrom wood, agriculturalresiduesanddung. We do not accountfor
seasonavariability of any anthropogeniemissiondecaus¢he TRACE-Psamplingperiodis
relatively short(March—April) andemissionsarethenneartheir annualmeanvalue. Streets
etal. [2003] provide detailederror estimatesassociatedvith their nationalemissiongrom
Asia, representingmportantinformationfor the inversemodelanalysis.Fossilandbiofuel
emissiondor therestof theworld aretakenfrom Duncanetal. [2002] andYevich andLogan
[2002], respectiely.

We usedaily biomassburning CO emissiondor the TRACE-Pperiodfrom Heald et al.
[2003]. Thisinventoryusesfirecountdatafrom the AVHRR satelliteinstrument Stroppiana
etal., 2000]to constraindaily variability. 1t appliesthis variability to the biomassburning
emissioninventoryof CO from Duncanetal. [2003], which includesinterannuabndseasonal
variability derivedfrom TOMS, ATSR,andAVHRR satelliteobsenations. Globalbiomass
burning emissionduring TRACE-Pweremainly from SoutheasAsia andindia, andwere
approximatelythe sameasthe climatologicalaveragefor February-April [Healdetal., 2003].
Biomassburningemissionsn easterrAsia during TRACE-Prepresents275% of theannual
total for thatregion, andrepresentsypically >50% of the global meanbiomassburning
emissiongluring February-April.

In additionto directemissionf CO thereis alarge chemicalsourcefrom the oxidation
of CH; andNMV OCswhich s treatednherefollowing the approactof Duncanetal. [2002].
AnthropogeniandbiomassburningNMV OCsarein generalco-emittedwith CO; following
Duncanet al. [2002] we modelthem hereasdirect sourcesof CO and correspondingly

increasethe primary emissionf CO by 20% (fossil fuel) and 10% (biofuel andbiomass



burning). Additional sourcesof CO in themodelincludeCH, (850 Tg CO/yr), andbiogenic
NMV OCswith contributionsfrom isoprene(175 Tg COlyr), methanol(85 Tg COlyr),
monoterpenef/0Tg CO/yr),andacetong25 Tg CO/yr). Furtherdetailson thesesourcesan
befoundin Duncanetal. [2002]. Oxidationof CH, by OH largely determinedhe chemical
sourceof CO; emissionf shorterlivedbiogenicNMV OCsarelow duringMarch—April and
contribute only afew percentto the TRACE-Pmeasurements.

The main sink for CO is oxidationby OH. We useprescribednonthly meanOH
concentratiorfields calculatedfrom a full-chemistry simulationconductedwith GEOS-
CHEM v4.33. The correspondindifetime of methylchloroform(CH3;CCls), a proxy for
the globalmeanOH concentrationis 6.3 years;this is consistentvith the bestestimateof
5.99"3-%% yearsby Prinn et al. [2001] from CH;CCl; measurementsA detaileddiscussion
of thefactorsaffectingthe CH;CCl; lifetime in GEOS-CHEMis presentedy Martin etal.
[2002]. Althoughadjustmenbf CO sourcesn theinversemodelanalysisshouldmodify OH,
the effectis inconsequentialor inverting Asian sourcesusingthe TRACE-P obsenations,
which areonly a few daysdownwind of the sources.Correctionto OH is effectively taken
into accountn theinversionthroughthe adjustmenbdf the CO sourcefrom “rest of theworld”
(sectiond). Theassumptiorof fixed OH lineariseghe inverseproblem[Pétron etal., 2002].

In the forward modelwe ‘tag’ CO producedby differentsourcedrom differentgeographic

regions(Figure2; Table1). The Jacobiarmatrix K for the inversion(section3.1), relating Figure2

individualannuaimeansourcef CO to theresultingatmosphericoncentrationssanthenbe Tablel
readily calculatedby dividing a particulartaggedmembelby its respectre annualemission.

A numberof previous GEOS-CHEMmodelstudieshave evaluatedhe simulationof CO



with surfaceandaircraftobsenationsin differentregionsof the world [Bey etal., 2001ab;
Fiore etal., 2002;Li. etal., 2002; Martin etal., 2002; Duncanet al., 2002; Kasibhatla
etal., 2002]. Thesestudiesusedearlierversionsof GEOS-CHEM with differentCO sources
andOH concentrationsso thatresultsarenot strictly comparableThe globalunderestimate
of CO reportedin the original versionof GEOS-CHEM|[Bey et al., 2001a]hassincebeen
correctedoy betteraccountingof NMV OC precursorandof variousfactorsactingto reduce
OH [Martin etal., 2002; Duncanetal., 2002]. The mostrecentglobal evaluation[Duncan
etal., 2002]indicatesno biasin thesimulationof the CO backgroundandthis appearso hold
alsofor v4.33usedhere[Heald et al., 2003]. However, bothDuncanetal. [2002] andHeald
etal. [2003] usedananthropogeni€hinesesourceof CO thatis 20% higherthanthe Streets
etal. [2003]inventoryusedhere.

Thetiming of TRACE-P (February-April) waschoserto coincidewith the strongest
outflow from Asia to the Pacific, driven by frequentwave cyclonesandassociatedold fronts
andwarm cornveyor belts[Yienger et al., 2000; Bey et al., 2001b],andto encompasshe
biomassburning seasorin SoutheasAsia which peakstypically in March[Duncanetal.,
2003]. Anthropogenieemissionsarelargely aseasonalTRACE-Pwasconducteckarlyin the
growing seasorsothe sourceof CO from biogenicemissiongepresentsnly afew percentof

thetotal measureautflow of CO from Asia.

2.2. TRACE-P Measurementsof CO

Diode laserspectroscopimeasurementsf CO weretakenduring TRACE-Pusingthe

Differential AbsorptionCO Measuremen{DACOM instrument)[Satseet al., 1987]. CO



10

wasmeasuredt a frequeny of 1 Hz with anestimatedL-secondrecisionof 1%. We use
herethe 1-minuteaveragedata,andfurther averageit overthe GEOS-CHEM2x 2.5 grid
alongtheflight tracks;for the purposeof our analyseshesesubsequentaluesarewhat
we useasobsenations. Accurag of the 1-minuteaverageddatais ~2% andis dominated
by the accurag of the NOAA/CMDL calibrationstandard$Paul Novelli, NOAA/CMDL,
personatommunication2003]. Altitude rangedor the DC-8 andP3-B aircraftflight tracks
are0—12km and0—10km, respecitiely.

The GEOS-CHEMglobal 3-D simulationsof CO andtaggedCO tracerswereinitialised
in January2000andconductedor 16 months(throughApril 2001). The 14-monthsimulation
beforethe startof TRACE-P effectively removesthe influencefrom initial conditions.We
samplethe modelfields along TRACE-Pflight tracks,and compareto the obsenations
averagedoverthe 2x 2.5 modelgrid. We remove theinfluenceof stratospheri@ir usingthe
criterion O3 > 100 ppb;we verified thatthis doesnot remove arny pollution plumes(O; was
occasionallyabove 100 ppbin Chineseurbanplumesbut notwhenaveragedverthe2x2.5°
grid). We alsoignoredataeastof 150°E, which aremainly from transitflights (Figurel). The

datausedfor theinversionincludeall flights betweerFebruary27—April 3, 2001.

2.3. Evaluation of modelwith a priori sources

Beforeproceedingvith theinversionwe first examinethe ability of thea priori sources,
asdescribedn section2.1, to simulatethe TRACE-P measurementsf CO (section2.2).

A generalstatisticalcomparisorof modelresultswith obsenationsis shavn in Figure

3. The modelis on average23 ppb too low; this discrepang is driven by the high tail Figure3
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of the distribution (CO>200 ppb), representingtrongboundarylayer outflow from Asia.
Thefrequengy distribution of differencesat modelandobsenationsshavs an approximate
Gaussiardistribution with a 13 ppb negative biasin the median.Major pollution plumesin
the obsenations(CO>500ppb)arenotwell capturedby the model.

A moredetailedevaluationof the modelwith obsenationsis shavn in Figure4 by the
modeledandobsenred latitudinal gradientsat differentaltitudesfrom 0 to 12 km. The model
hasa negative biasin theboundarylayerwhich increasesvith latitude,reaching80 ppb (30%
of themeantotal CO) betweerB0—40°N. We attributethis negative biasto anunderestimatef
Chineseanthropogeniemissionsasdiscussedbelon. Above the boundaryayerthe negative
modelbiasis less,andlargely disappearsouthof 30°N or above 6 km. The concentration
of COin thefreetropospheras relatively moresensitve to biomassurningandto sources

outsideof Asia[Liu etal., 2003].

3. InverseModel
3.1. Description

Measurecconcentration®f CO (assembledh a measurementectory), arerelatedto

thesourcef CO (assembledh a statevectorx) by thefollowing relation[Rodgers, 1976]:

y=Kx+e. (2)

The statevectorx as definedhere comprisesannualsourceestimatesrom different

geopoliticalregionsandfrom differentCO sourcetypes;its compositionwill be discussedn

Figure4
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section3.3. Althoughthe TRACE-P obsenationsdo not actuallyconstrainthe annualmean
source but ratherthe sourceintegratedover sometime horizondeterminedy the transport
andlifetime of CO, it is clearerto expressx in termsof annualsourcesandassumehatthe
modelseasonaVariationfor thesesourceds correct. The measurementectory comprises
the TRACE-P CO mixing ratio dataaveragedalongthe flight tracksover the modelgrid.
The Jacobiammatrix K, asdescribedn section2.1, describeghe forward modelanddoes
not dependon the statevectorunderour linear assumption.The error vectore includes
contributionsfrom measuremerdccurayg, sub-gridvariability of obsenations(representation
error),anderrorsin modelparametergtransport,chemistry sub-rgionalemissionpatterns).
Theensembleharacteristicef theseerrorsaredescribedy the obsenationerrorcovariance
Sy, representin@ sumof the covariancematricesfrom individual sourcesof error.

An inversemodeldescribeghe mathematicamappingfrom the measurementector
spaceto the statevectorspace. Here, the inversemodel describeghe bestestimateof
sourcesof CO thatis consistentwvith boththe aircraft obsenationsof CO concentrations
during TRACE-Pandthea priori sourcesof CO, giventheir respectre uncertainties.The
fundamentaldeaof anoptimal estimationinversemethodis to minimisea costfunction J (x)

(thatis, to solve V4 J(x) = 0). We usea standardeast-squareormulationfor J(x):

J(x) = (y — Kx)"S5' (y — Kx) + (x — %4)"S7 " (x — Xq), (2)

wherex, is the a priori valueof the statevector(comprisedof the a priori sources)S, is

the estimatecerror covariancematrix for x,, andall othervariablesareasdefinedpreviously.
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Solutionto V,J(x) = 0 yields[Rodgers, 2000]

x, + (KTS5'K + S, 1) 'K'S ' (y — Kx,) (3)

b3
Il

S = (K'Sg'K+5S,M)™, (4)

wherex is the optimiseda posteriori statevectorand$ is the a posteriorierror covariance
matrix, describingthe error on x. The value of the costfunction beforeandafterall the
obsenationshave beeningestedorovidesa usefulindicationof the quality of the inversion.
In a successfuinversion,J(x) shouldbe of the sameorderasthe numberof obsenations,

providedthatS;* andS, areproperlyspecified.

3.2. Error Specification

TheAsianemissioninventoryof Streetsetal. [2003], usedhereto definethea priori state
vectorx,, includesuncertaintyestimatedor individual countriesand processeslerived by
propagatiorof errorsin the bottom-upapproachTheseuncertaintiesarelistedin Tablel. We
aggrgateemissiondrom North Americaand Europe(assignedan uncertaintyof 30%) and
othercountriesoutsideof Asia (assignedin uncertaintyof 50%)in to the “rest of the world”
source(section3.3); TRACE-Pwasnot designedo provide informationon theseregionsso
detailedspecificatiorof errorsis not essential We assignthe sourcefrom biomassburning
anuncertaintyof 50%. The chemicalsourcefrom oxidationof CH, andbiogenicNMVOCs

is definedlargely by CH,, andwe assignit an uncertaintyof 25% basedon constrainton
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global OH from obsenationsof CH; CCl; [Pratherand Enhalt, 2001]. The sensitvity of the
a posteriorisolutionto theassumeemissionuncertaintiesvill beassesseih sectior4.

The total obsenation error Sy, includescontributionsfrom measuremerdccuragy,
representatioerror, anderrorsin the forward model. Estimatingerrorsdueto the modelis
non-trivial. We do so hereby computingthe statisticsof the relative differencebetweenhe

aircraft obsenationsandthe co-locatedmnodelmixing ratios, (Kx, — y)/y, asa function

of altitudeandfor two latituderangeqFigure5). We assumehatthe meanmodelbias,as Figure5

diagnosedy the meanrelative differencejs dueto errorsin thea priori sourcesandthatthe
varianceaboutthis meanvaluerepresenterrorsdueto the model. Thisassumptions unlikely
to be strictly true becauséhereis a contribution from emissionerrorsin the varianceanda
contribution from modelphysicsin the bias,but aswe shallshav below our approactappears
to be reasonable An intercomparisorof CTM simulationsof CO during the TRACE-P
period[Kiley etal., 2002] shavedno evidentbiasin GEOS-CHEMtransport.By subtracting
the meanbiasfor eachaltitudeandlatituderangein Figure5 we areleft with theresidual
relative error (RRE). Thenfor eachindividual obsenationy; at a particularlatitude (north or
southof 30°N) andaltitudewe calculatean absolutemodelerrorasRRExy;. We assumeno
errorcovariancebetweerobsenations.CO obsenationsare 1-minuteaveragemeasurements
that have beenaveragedspatially over our 2x2.5° modelgrid, andaveragedtemporally

over completeflights. Correlationof the errorsbetweenobsenationsover thesespatialand
temporalscalesaresmallanddo not affect the resultsshavn heresignificantly Typical values
for the RRE arebetweer0.2 and0.3, ascanbe seenfrom Figure5. The RREscalculated

from the simulationwith a priori sourcesshown highervaluesin the free tropospherebut
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this differenceis substantiallyeducedn the simulationwith a posteriorisourcesgiscussed
below.

Valuesof themeanbiasasshavn in Figure5 areconsistentvith thosereportedn Figure
3. The TRACE-Pdomain(Figurel) canbe split into two distinctregions,characterizedby
differencesn air massesampledBlake etal., 2002]. North of 30°N, air massesvereheaily
influencedby fossil fuel andbiofuel emissiondrom China,KoreaandJapan;belon 2 km
therewasessentiallyno influencefrom biomassourning[Liu etal., 2003]. South30°N andin
particularthe free tropospherair massesveremoreinfluencedby biomassourning. Mean
biasstatisticsfor both north andsouthof 30°N shav anunderestimatef emissionsn the
boundarylayer. In thefreetropospherethereis still asmallunderestimatabose 30°N but an
overestimateat lower latitudes. Thesemeanbiasstatisticssuggesthata priori anthropogenic
emissionsaretoo low, while biomasshurningemissionsaretoo high.

Our methodof quantifyingmodeltransporierroris amajoradvanceover previousinverse
modelstudieswhich have estimatedhe total obsenation error by calculatingthe standard
deviation of thediscrepang betweemrmodelandmeasureanonthlymeanvaluesin thesurface
datausedfor the inversions(e.g.,Bousqueet al. [1999], Kasibhatlaet al. [2002]). Our
methodcanbe usediteratively to improve the estimatefor modelerrors. To illustratethis we
re-calculatedraluesof RRE usingthe a posterioriCO sourceqto be presentedn section4).
We find thatthe a posteriorisourcesalthoughthey reducegreatlythe biasbetweersimulated
andobsenedconcentrationsyield valuesof RRE thatarecomparablevith thosecalculated
usinga priori emissions.This supportsour assumptiorthatthe meanbiasis largely dueto

errorsin theemissionsandthe variability is dueto errorsin thetransport.
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Additional errorscontributing to Sy, include measuremenrdéccurag (~2% of the
concentrationpndrepresentatiomrror, describingthe mismatchbetweenthe modeland
obsenationsdueto sub-gridscalevariability. We quantify the representatiomrror by
examiningstatisticsof the sub-gridvariability in the obsenationsoverthe 2x2.5° GEOS-
CHEM modelgrid. We computethis errorfor eachsamplednodelgrid cell andfind thatit
is typically 5-10%of the obsered concentrationWe thusfind in our erroranalysisthatthe
modelerrorrepresentsypically 73% (mean=38pb) of thetotal obsenationerrorbudgetand
is thereforethe mostimportantto quantify; representatioerroraccountdor approximately

25% (mean=14pb);andinstrumentaccurag accountgor theremaining2% (mean=2ppb).

3.3. Selectionof State Vector

The ability of the observingsystemto determinedifferentelementsof the statevector
takinginto accountheassignedneasuremerdnda priori stateuncertaintiesgcanbetestedoy
inspectinghematrix of averagingkernelsA =1 — éS;l, wherel is theidentity matrix,andS
is computedrom equatiord [Kasibhatlaetal., 2002]. Averagingkernelspealed at their own
statevectorelementdenotea well constrainedgsource.Startingfrom the ensemblef source
regionsandprocessef Tablel, we usedaveragingkernels(not shovn) to determinewhich
sourcesr aggreationof sourcesouldbeconstrainedndependentlyvith the TRACE-Pdata.
We find thatfossil fuel andbiofuel emissionswithin a givencountryaretoo co-locatedo be
retrievedindependentlyKasibhatlaetal., 2002],andsuchis the casealsofor biomassourning
exceptfor China. Indian airmassesampledduring TRACE-P are mostly from biomass

burning and contribute typically lessthana few percentto the total CO measuredluring
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TRACE-P We aggreatetheseemissionswith restof theworld (RW). We mustalsoaggreate
emissiondrom JaparmandKorea,asTRACE-Pdoesnot provide independeninformationon
thetwo (Japaneseutflov sampledn TRACE-Phadgenerallypassegreviously over Korea
[Palmeretal., 2003]). The sourceof CO from the oxidationof CH; andbiogenicNMV OCsis
aggreatedinto the RW source.

We thusdefinea five-componenstatevector(CHBFFF, KRJR SEA, CHBB, RW) for

which the averagingkernelsareshownn in Figure6. Evenwith this aggreatedstatevector Figure6

thereis poordefinitionof thecombinedKoreaandJaparsourceyeflectingtherelatively small
uncertaintiesassignedy Streetset al. [2003] for a priori emissiondrom thesecountries
(Tablel); increasingheuncertaintyon thesea priori emissionsmprovestheir resolution.We
alsofind thatthe Chinesebiomassburning sourceis slightly correlatedwith the non-Asian
sourceof CO (restof theworld); both of thesesourcesaffect mostly the free tropospheren

the TRACE-Pobsenations.

4. Results

We applythe optimalinversemodeldescribedn the previous sectionto the TRACE-P
data. We usea x? quality controltestto remove outliers (4% of the data),leaving 1825
obsenations.Resultsshavn in Table2 indicatea 54%increaséen a posteriorianthropogenic
emissiongrom Chinarelativeto thea priori, a74%decreasé emissiongrom Southeasfsia
(mostly from biomassburning, seeTable 1), andsmallerrelatve changesn othersources.
Theincreasan Chineseanthropogeniemissionss drivenby the modelunderestimaté the

boundarylayer (Figure4 andFigure5), while the decreasén biomassburning derivesfrom



18

themodeloverestimaten thefreetropospherdFigure4 andFigure5). Thereis a7%increase
in the sourcefrom the restof the world (135 Tg CO yr—!) which representgffectively an
adjustmentn thebackgroundCO.

We cantestthe utility of the inversemodelby usingthe a posterioriemissionswith the
taggedracersn theforward modelto simulatethe TRACE-Pobsenations.Comparisorwith
obsenationsis improved (Figure3). The medianvalueof the differencebetweermodeland
obsened CO decreaseffom -13 ppbto -4 ppb,while the meanbiasis reducedoy 30%. The
frequeng distribution of the differencess morepealed aroundzero. Figure4 shavs thatin
generalthe a posterioriemissionssimulatethe obsened latitudinal variability of CO better
thanthea priori emissionssignificantlyreducingthe large discrepancies the boundary
layerandelsavhere. The valueof the costfunction (equation2) decreasefrom 2120with
a priori sourcedo 1604 with a posteriorisources.The lattervalueis slightly lessthanthe
numberof obsenations(n=1825),indicatinga successfuinversion.

The inversemodelapproachs sensitve to uncertaintiesassumedor the obsenations
(Sx) andthea priori emissiongS,) (equatiord). Model errorlargely definesSy, (section
3). We find thatdoublingandhalving S, or the modelerrordoesnot affect significantlythe
resultsof the inversion,suggestinghat our bestestimateof a posteriori sourcess robust
(Figure7). Doubling S, hasthe sameeffect on theinversionashalvingmodelerror, andvice
versa. Doubling the uncertaintyof a priori emissiondrom KRJPimprovesthe resolution
of that source(section3.3) which thenincreasedy +68% (ascomparedo +26%in the
standardnversion). Fixing the RW sourceto its a priori valueandinvertingfor the other

sourcesgequialentto assumingperfectknowledgeof backgroundCO, altersmary of the

Figure7
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a posteriorisourcegnotshown) but doesnotchangehegeneratendenyg of our bestestimate:
anthropogeniemissionsncreas§ CHBFFF, KRJP)andbiomassurningemissionslecrease

(CHBB, SEA).

5. Comparisonwith Previous Work

Kiley etal. [2002] presente@nintercomparisof TRACE-PCO simulationsrom seven
differentCTMs usingthe Streetset al. [2003] emissioninventoryfor Asia. All modelsfound
anunderestimatef CO in the boundarylayer, consistentvith the resultspresentedhereand
which we attribute to a 54% underestimatef anthropogeni€hineseemissionga posteriori
emissionvalue= 168Tg COlyr). Carmichaeletal. [2002] alsoinvestigatedhis underestimate
of ChineseCO with aregional CTM andattributedit to anunderestimaté emissionsrom
the domesticcomhustionsector in particularfrom residentialcoal burning. They tentatvely
suggesthatafactorof 3-5increasan the Streetsetal. [2003] inventoryfor thatsectorwould
be requiredto reconcilemodelresultswith the obsened concentrationsSuchanincrease
would correspondo Chineseanthropogeni@missionsof 169-228 Tg COlyr, a valuenot
inconsistentvith thevaluepresentedhere.

Our a posteriori biomassburning emissionsfor Southeas®sia and China are
considerablyjlower thanthe a priori values. This resultis qualitatvely consistenwith CO
columndatafrom the MOPITT satelliteinstrumentduring TRACE-R which imply much
lower biomassburning emissionsn SoutheasAsia and Northeastndia thanusedhereas
a priori [Healdetal., 2002]. Correlationsof CO with HCN in the TRACE-Pdata,with HCN

takenasa tracerof biomassburning, do notimply anoverestimatef biomasshurning CO
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emissiongLi etal., 2002]. However, anthropogeni€hinesesourcef HCN may complicate
thisinterpretatior{Singhetal., 2002].

Specificinvestigationof biomasshurninginfluencesn the TRACE-Pdatawasconducted
by Carmichael et al. [2002] and Tang et al. [2002] usingtheir regional CTM with Asian
biomassburning emissiong67 Tg CO/yr) thatarea factorof two smallerthanour a priori
values.Carmichaeletal. [2002] usedback-trajectorie$o constructthe spatialdistributions
of emissiongorrespondingo the obseredversussimulatedTRACE-P CO concentrations.
They foundlarge differencedetweerthetwo over biomasdurningregionsof SoutheasAsia
andNortheasindia, implying errorseitherin modelsourcesr modeltransport.

Kasibhatlaet al. [2002] andPétron et al. [2002] previously usedCO obsenationsfrom
the NOAA/CMDL network [Novelli etal., 1998]to determineregional sourcesf CO. Both
found thattheir a priori Asian emissionstakenfrom the EDGAR inventoryversion2.0
[Olivier etal., 1996],weretoo low. Kasibhatlaet al. [2002] shovedthata 50%increasen
Asianfuel consumptior(to 350-380Tg CO/yr) anda 100%increasen Asianbiomasshurning
emissiongto 110-130Tg CO/yr) wererequiredto reconcilethe NOAA/CMDL concentration
datafrom 1994; Pétron et al. [2002], usingaverageNOAA/CMDL datafor 1990-1996,
requireda factorof two increasdan Asiananthropogeni@missiongto 548 Tg CO/yr) and
a 25% increasen emissiongrom biomassburning (to 90 Tg CO/yr). Our a posteriori
anthropogenisourceof CO from Asia (186—-198Tg CO/yr, CHBFFF+KRJPTable2) is less
thanthatderivedin thesetwo studies,andour a posteriori biomassburning sourceof CO
(34—56 Tg COlyr) is muchlower. Valuesfor the sourceof CO from the restof the world,

includingthe global sourcefrom chemicaloxidation,arereportedoy Kasibhatlaet al. [2002]
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(2240Tg CO yr~1) andPeétron et al. [2002] (2340 Tg CO yr—!) but they arenot strictly
comparablewith the valuewe report(2117Tg CO yr—!) because¢he TRACE-P dataare
largely insensitve to sourcesn regionsoutsideof Asia.

Someof our differenceswith Kasibhatlaet al. [2002] andPétron et al. [2002] canbe
attributedto the type of obsenationsused. They usedNOAA/CMDL surfaceobsenations
which are not intendedto samplecontinentalair masses.By the time suchair masses
are sampledat theseremotesurfacesitestheir sourcesignaturesare highly mixed and
consequentharedifficult to separateSimulatingaccuratelytheseremotestationdatawill be
hamperedy anaccumulatiorof errorsin modeltransportwhich wealensthe sensitvity to
continentalsources.This canbe compensatetb somedegreeby thelong-termnatureof the

NOAA/CMDL records.

6. Conclusions

We usedaircraftobsenationsof Asianoutflow from the TRACE-Pmission(March—April
2001)to improve estimateof CO emissiondrom Asia usingan optimal estimationinverse
method.Thisis thefirst time thananinversemodelhasbeenappliedto infer emissiongrom a
large geopoliticalsourceregion usingaircraftobsenations. We shovedthatthe high density
of coveragefrom anaircraftmissionallows quantificationof modeltransporterror, anotorious
difficulty in inversemodeling.

We usedthe GEOS-CHEMglobal 3-D modelof tropospheriacchemistry driven by
customised priori bottom-upemissioninventoriesfor Asia [Streetset al., 2003; Heald

etal., 2003] asa forward modelto simulatethe aircraft obsenations. The Streetset al.
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[2003] inventoryincludesa detailederror budgetwhich providesimportantinformationfor
theinversemodelcalculation. Errorsassociatedvith the obsenationsin the context of the
inversemodelincludeerrorsin modeltransportandothermodelparametersiepresentation
error dueto the inability of the modelto simulateobsened sub-gridscalestructure,and
instrumentaccurag. We describea new methodof quantifyingmodelerrorsby usingthe
meandifferencestatisticsbetweerthe simulatedandobsered CO concentrationsgxploiting
the high densityof obsenationsavailablefrom the aircraftmission. Meanbiasbetweerthe
model(with a priori emissionsandtheobsenationsis assumedo reflecterrorsin emissions,
while therelative varianceaboutthis meanbiasis assumedo reflecterrorsin transport.The
modeltransporterrorsderivedin thatmannerarein the range20-30%. The representation
error, estimatedrom the obsened sub-gridvariability in the aircraft CO data,is typically
5-10%.Instrumentaccuray (~2%) is negligibly smallrelative to the othersourcesof error.

Ourinversemodelanalysismpliesa 54%increasan Chineseanthropogeniemissions
of CO (to 168 Tg CO yr—1) relative to the a priori. A posteriorianthropogeni@missions
from otherAsian countriesarenot sodifferentfrom their a priori values.Our bestestimateof
Asiananthropogeniemissionss lower thanprevious modelstudiesthatusedsparsesurface
obsenationsof CO asconstraint§ Kasibhatlaetal., 2002;Pétron et al., 2002]. We find that
a priori emission®f CO from biomassourningin SoutheasAsia aretoo high, consistentith
MOPITT obsenationsduring TRACE-P[Healdetal., 2002].

Our future work will exploit the correlationsof CO with otherspeciedo improve the
top-davn constraintdor the inversionof the TRACE-P obsenations.For example,including

CH3;CN in the inversemodelanalysisshouldprovide valuableconstraintson emissionsof
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CO from biomassburning[Li. etal., 2002;Singhetal., 2002]. Including CO, shouldhelp
to disaggrgateemissiondrom Koreaand JapanwhoseCO,/CO emissionratiosarevery

different[Sunthaalingametal., 2003].
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Figure Captions

Figure 1. TRACE-Pflight tracksfor the DC-8 andP3-Baircraft. Theinversemodelis applied
to the ensembleof datawestof 150°E which includes229 hoursof CO measurementgom
thetwo aircraft,distributedover 28 flights from Fehurary27thto April 3rd,2001[Jacobetal.,

2003].
Figure 2. Sourceregionsfor taggedCO simulations.SeeTable 1 for emissionestimates.

Figure 3. Statisticalcomparisorof simulatedandobserned CO from TRACE-R for themodel
with a priori sourcegleft panelsjanda posteriorisourcegright panels).Theobsenationshave
beenaveragedverthe2x 2.5 modelgrid. Datainfluencedoy thestratospheréO; > 100ppb)
or away from thewesternPacificrim (longitudes> 150°E) areexcludedfrom thecomparison.
Top: frequeny distributionsof simulatedsolid) andobsered(dotted)CO. Bottom: frequeng

distribution of the differencebetweernsimulatedandobsened CO.

Figure4. Latitudinalgradientsof measuredindmodeledCO concentrationsverthe TRACE-
P domainona2x2.5 grid. Obsenations(circles)areaveragedver the altituderangeshowvn
in the figure,andover 5° latitudebins. Vertical barsdenotel-o valuesaboutthe mean. The
modelis sampledalongthe TRACE-Pflight tracksfor theflight days,andvaluesareaveraged
acrosshe samelatitude andaltituderangesasthe obsenations. Model valuesare shown for
thesimulationswith a priori (triangles)anda posteriori(squaresyourcesDatainfluencedoy
the stratospheréO; > 100 ppb) or away from the westernPacific rim (longitudes> 150E)
have beenexcludedfrom the comparison.Numbersinsetat the top of eachpanelreferto the

numberof obsenationsusedto computethe meanstatistics.



Figure 5. Relatve GEOS-CHEMmodelerrorsin the simulationof CO during TRACE-R as

30
a function of altitude for the modelwith a priori sourcesof CO (top) andwith a posteriori
sourcegbottom). Squaresienotethe meanbiasandhorizontallines denotel-o valuesabout

the mean. Numbersinsetof eachpanelrefer to the numberof obsenationsusedto compute

statisticsat eachaltitude.

Figure 6. Individual rows of the averagingkernelmatrix A for the inversionof CO sources
with the TRACE-P observingsystem. Different colors distinguishrows of A, listedin the
legend,with the correspondingolumnsindicatedon the x-axis. Lines connectthe symbols
for clarity anddo not have ary physicalsignificance. The five-elemenstatevectorincludes
sourcesfrom Chinesefuel consumption(CHBFFF), total emissionsfrom Koreaand Japan
(KRJP),total emissiondrom SoutheasAsia (SEA), Chinesebiomassburning (CHBB), and
therestof theworld (RW) includingthe chemicalsourceof CO from the oxidationof CH, and

biogenicNMV OCs.

Figure 7. Sensitvity of thecalculateda posteriorisourcedo the errorestimatesn theinverse
model. Vertical barsdenotel-o valuefrom S. “Best estimate”shavs the a posteriorisource
from the standardinversion (Table 2). A posteriori sourcesderived from inversionswith

modifiederrorson the a priori source(S,) or on the modelerror arealsoshovn. Elements

in theabscissareasin Figure6.
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Tables

Table 1. Annuala priori sourceof CO (Tg COyr!) for theinversemodelanalysis.

Region Biofuels' FossilFuel Biomassburning Methaneand
(BF) (FF) (BB) biogenicNMVOCs

China(CH) 45+35 64450 1949

Korea(KR) 442 542 0.3+0.1

Japan(JP) 240.4 741 0.8+0.4

India (IN) 38+38 16+16 39+19

SoutheasAsia (SEA) 26126 17+17 82+41

Restof World (RW) 70+£35 273+96 340+170

TOTAL 185+68 382110 481+176 1205+301

ISourcedrom BF, BB, andFF includethe secondargourceof CO from the oxidationof NMVOCs

co-emittedwith CO.

Table 2. A priori anda posterioriannualsourcemagnitude®f CO (Tg COyr—1).

StateVectorElement Awpriori A posteriori A %

CHBFFF 109+61 168+5 +54
KRJP 1943 2442 +26
SEA 125+51 33t7 -74
CHBB 1949 1244 -37
RwW 1981+380 211A31 +7

TOTAL 2253+388 2353t32 +4
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Figures

Figure 1. TRACE-Pflight tracksfor the DC-8 andP3-Baircraft. Theinversemodelis applied
to the ensembleof datawestof 150°E which includes229 hoursof CO measurementsom

thetwo aircraft,distributedover 28 flights from Fehurary27thto April 3rd,2001[Jacobetal.,

2003].
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Figure 3. Statisticalcomparisorof simulatedandobsered CO from TRACE-R for themodel

with a priori sourcegleft panelsjanda posteriorisourcegright panels).Theobsenationshave

beenaverageverthe2x 2.5 modelgrid. Datainfluencedy thestratospheréO; > 100ppb)

or away from thewesternPacific rim (longitudes> 150°E) areexcludedfrom thecomparison.

Top: frequeng distributionsof simulatedsolid) andobsened(dotted)CO. Bottom: frequeng

distribution of the differencebetweernsimulatedandobsened CO.
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Figure4. Latitudinalgradientoof measure@indmodeledCO concentrationsverthe TRACE-
P domainona?2x2.5 grid. Obsenations(circles)areaveragedver the altituderangeshavn
in the figure,andover 5° latitudebins. Vertical barsdenotel-o valuesaboutthe mean. The
modelis sampledalongthe TRACE-Pflight tracksfor theflight days,andvaluesareaveraged
acrosshe samelatitudeandaltituderangesasthe obsenations. Model valuesare shonn for
thesimulationswith a priori (triangles)anda posteriori(squaresyourcesDatainfluencedoy
the stratospheréO; > 100 ppb) or away from the westernPacific rim (longitudes> 150E)
have beenexcludedfrom the comparison.Numbersinsetat the top of eachpanelreferto the

numberof obsenationsusedto computethe meanstatistics.
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Figure 5. Relatve GEOS-CHEMmodelerrorsin the simulationof CO during TRACE-R as

a function of altitude for the modelwith a priori sourcesof CO (top) andwith a posteriori

sourcegbottom). Squaresienotethe meanbiasandhorizontallines denotel-o valuesabout

the mean. Numbersinsetof eachpanelrefer to the numberof obsenationsusedto compute

statisticsat eachaltitude.
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Figure 6. Individual rows of the averagingkernelmatrix A for the inversionof CO sources
with the TRACE-P observingsystem. Different colors distinguishrows of A, listedin the
legend,with the correspondingolumnsindicatedon the x-axis. Lines connectthe symbols
for clarity anddo not have ary physicalsignificance. The five-elemenstatevectorincludes
sourcesfrom Chinesefuel consumption(CHBFFF), total emissionsfrom Koreaand Japan
(KRJP),total emissiondrom SoutheasAsia (SEA), Chinesebiomassburning (CHBB), and
therestof theworld (RW) includingthe chemicalsourceof CO from the oxidationof CH, and

biogenicNMV OCs.
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Figure 7. Sensitvity of thecalculateda posteriorisourcego the errorestimatesn theinverse
model. Vertical barsdenotel-o valuefrom S. “Best estimate”shavs the a posteriori source
from the standardinversion (Table 2). A posteriori sourcesderived from inversionswith

modifiederrorson the a priori source(S,) or on the modelerror arealsoshovn. Elements

in theabscissareasin Figure6.



